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Abstract 

Peroxiredoxin 4 (Prx4) is the only endoplasmic reticulunn localized peroxiredoxin. It functions not only to eliminate peroxide 
but also to promote oxidative protein folding via oxidizing protein disulfide isomerase (PDI). In Prx4-mediated oxidative 
protein folding we discovered a new reaction that the sulfenic acid form of Prx4 can directly react with thiols in folding 
substrates, resulting in non-native disulfide cross-linking and aggregation. We also found that PDI can inhibit this reaction 
by exerting its reductase and chaperone activities. This discovery discloses an off-pathway reaction in the Prx4-mediated 
oxidative protein folding and the quality control role of PDI. 
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Introduction 

Many cellular activities generate reactive oxygen species (ROS) 
which can function as signaling molecules, however, overproduc- 
tion of ROS may result in oxidative damage contributing to 
diseases and ageing [1]. In the endoplasmic reticulum (ER), 
disulfide formation in secretary and membrane proteins is 
primarily catalyzed by the Erol oxidase/protein disulfide isomer- 
ase (PDI) pathway, which is accompanied by the production of 
hydrogen peroxide (H2O2) [2,3]. How the ER prevents H2O2 
accumulation has become the subject of extensive investigations in 
recent years. 

The peroxiredoxins (Prxs) are a group of cysteine-based 
peroxidases, which eliminate peroxide and regulate its signaling 
in the cells [4] . Typical 2-Cys Prxs contain two conserved cysteine 
residues responsible for peroxidase activity. One is the peroxidatic 
cysteine (CysP), which reacts with H2O2 to form sulfenic acid 
(CysP-SOH), and further reacts with the other one, the resolving 
cysteine (CysR), to form an intersubunit disulfide bond [5] . Prx4, a 
mamalian 2-Cys Prx, is the only ER-located Prx reported to date 
[6], and has been characterized to be an efficient H2O2 scavenger 
[7]. It was recently reported that Prx4 oxidized by H2O2 can 
transfer its disulfide to PDI [8] , a key foldase and chaperone in the 
ER [9,10], which further oxidizes folding substrates. The Prx4/ 
PDI system was thus established to be a new oxidative folding 
pathway in parallel and coupling with the Erol /PDI pathway. 
The two pathways together can generate two disulfide bonds and 
two H2O molecules at the expense of a single O2 molecule, 
avoiding the release of peroxide [11], which is the by-product in 
the Erol /PDI pathway. The importance of the two pathways was 



further confirmed in a recent study employing a combined 
knockout of both Prx4 and Erol [12]. 

However, the detailed mechanism of the Prx4-mediated 
oxidative folding pathway, i.e. the interactions between various 
components, remains largely unknown. We thus reconstituted an 
in vitro oxidative protein folding system composed of H2O2, Prx4, 
PDI and a denatured and reduced substrate to study the 
interactions involved. Here we report an unexpected finding that 
Prx4 can direcdy react with folding substrates via CysP, which 
results in disulfide cross-linking and aggregation. This fmding 
discloses an off-pathway in the Prx4-mediated oxidative folding 
pathway. We also identified a role of PDI in inhibiting the disulfide 
cross-linking reaction and aggregation, in addition to mediating 
disulfide transfer from Prx4 to substrates. Both the reductase and 
the chaperone activities of PDI contribute to the quality control of 
Prx4-mediated oxidative protein folding. 

Materials and Methods 

Protein expression and preparation 

The coding sequences of mature human Prx4, PDI and 
Escherichia coli thioredoxin (Trx) were cloned into pQE-30 
(Qiagen), and all the resulting proteins contain N-terminal 
(MRGSHgGS-) tags. Prx4 mutants were constructed by overlap 
extension PGR, and verified by DNA sequencing. 

The proteins were expressed in E. coli strain M15 [pREP4] 
(Qiagen). Cells were grown at 37°C in LB medium containing 
100 |J.g/ml ampiciUin, and isopropyl |3-D-thiogalactoside was 
added to a final concentration of 1 mM at Aroo of ~0.6. After 
shaking for additional 4 h, the cells were harvested and lysed for 
protein purification with a nickel-chelating column (GE Health- 
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Figure 1. Direct reaction of Prx4 with substrate RNase A in the presence of H2O2. (A) Oxidative refolding of 8 |jlVI drRNase A was carried 
out in buffer B containing 50 |ilVI H2O2 in the presence or absence of 2.5 |J.IVI PDI and/or 2.5 nM Prx4 as indicated. Aliquots of reaction were quenched 
with 4-acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid at indicated time points, and then analyzed by non-reducing SDS-15% PAGE followed by 
silver staining. (B) Reactivation of drRNase A was determined in the same system as in (A) with (left panel) or without (right panel) additional 4.5 mlVI 
cCMP by monitoring the absorbance increase at 296 nm due to cCMP hydrolysis. (C) Protein aggregation was monitored by recording the light 
scattering at 488 nm for the reactions of 2.5 |jM Prx4, 50 |ilVI H2O2 and/or 8 |iiVl drRNase A in buffer A as indicated, respectively. A.U., arbitrary units. 
(D) Aliquots from the reaction of 2.5 \iM Prx4-C14S and 8 liM drRNase A in the presence of 50 H2O2 at 25 C were removed and analyzed by non- 
reducing SDS-12% PAGE after alkylation with 20 mM NEM at the indicated time points. (E) The samples with the same numbering lane as in (D) were 
further Western blotted using anti-RNase A antibody and rabbit anti-Prx4 serum, respectively. 
doi:1 0.1 371 /journal.pone.01 05529.g001 



care). The elute was dialyzed against bufTer A (50 mM Tris-HCl 
buffer containing 150 mM NaCl, pH 7.6) and stored as aliquots at 
-80°C. 

Trx at -500 |lM was reduced by 100 mM dithiothreitol (DTT) 
at 25 °C for 1 h as previously described [2]. Reduced Prx4-C14S 
was prepared by incubating 100 |lM Prx4-C14S with 20 mM 
DTT at 25°C for 1 h, followed by buffer exchange using a HiTrap 
desalting column (GE Healthcare) into buffer A. Oxidized Prx4- 
C14S was produced by incubation of 50 |J.M Prx4-C14S with 
100 (xM H2O2 at 25°C for 5 min. Protein concentrations were 
determined spectrophotometrically at 280 nm with the absorption 



coefficient of 36900 M '-cm ' for Prx4 and its mutants and 
13980 M -cm for Trx. The concentrations of PDI and its 
mutants were determined by Bradford assay with bovine serum 
albumin as a standard. 

Assays in the reconstituted Prx4-mediated oxidative 
folding system 

Denaturation and reduction of RNase A and bovine pancreatic 
trypsin inhibitor (BPTI) were carried out basically as described 
[13]. Prx4-mediated protein refolding in the reconstituted system 
was initiated by adding H2O2 to a final concentration of 50 |J.M 




Figure 2. Direct reaction of Prx4 with substrate BPTI in the presence of H2O2. The reaction of 2.5 |ilVl Prx4-C14S, 3 |ilVI denatured and 
reduced BPTI and 50 iiM H2O2 at 25 C in buffer A was analyzed by non-reducing SDS-12% PAGE (A) after alkylation with 20 mM NEiVl at the indicated 
time points, and protein aggregation during the reaction was monitored by light scattering at 488 nm (B). 
doi:1 0.1 371/journal.pone.01 05529.g002 
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Figure 3. The CysP-SOH form of Prx4 is responsible for disulfide formation with RNase A. The reaction of 8 |jiVI drRNase A with 2.5 |ilVI 
Prx4-C14S/C87S and 50 ^IVI H2O2 (A); or 2.5 |ilVI Prx4-C14S/C208S and 50 |ilVI H2O2 in the absence or presence of 15 mlVI dimedone (B); or 2.5 ^IVI 
reduced Prx4-C14S (C) or oxidized Prx4-C14S (D) was carried out at 25 C in buffer A and analyzed by non-reducing SDS-12% PAGE after alkylation 
with 20 mlVl NEIVI at the indicated time points. 
doi:10.1371/journal.pone.0105529.g003 



into buffer B (100 niM Tris-HAc buffer with 50 mM NaCI and 
1 mM EDTA, pH 8.0) containing 2.5 |J,M Prx4, 2.5 |^M PDI and 
8 nM denatured and reduced RNase A (drRNase A) as a substrate 
at 25°C. For analysis of the redox states of RNase A during 
refolding, ahquots of 40 |a,l were removed at different time points 
and quenched with 10 |J,1 of 10 mM 4-acetamido-4'-maleimidyl- 
stilbene-2,2'-disulfonic acid, followed by non-reducing SDS-15% 
PAGE and silver staining for good resolution of RNase A bands at 
different redox states. Reactivation of drRNase A was assayed in 
the same reconstituted system as above but with additional 
4.5 mM cCMP by monitoring the absorbance increase at 296 nm 
due to hydrolysis of cCMP upon adding drRNase A. Protein 
aggregation was monitored by recording the light scattering at 
488 nm at 25°C in buffer A. To trace disulfide formation between 
Prx4 proteins and RNase A, aliquots of 40 |j.l reaction were 



A Prx4-C14S/T118E/C208S 
+ H,0, + drRNase A 



Time 
(min) 

116.0- 
66.2- 

45.0- 
35.0- 

25.0-' 



0 1 2 5 10 15 30 



HIWW species 



-Prx4 mononner 



18.4 -_ _^ — RNase A 

14.4- 
{l<Da) 




Prx4-C14S/T1 18E/C208S 
30 



10 20 
Time (min) 



Figure 4. The decameric structure of Prx4 favors to form 
aggregation with RNase A. (A) The reaction of 2.5 |iM Prx4-C14S/ 
T118E/C208S, 8 ^iVl drRNase A and 50 nlVI H2O2 at 25 C in buffer A was 
analyzed by non-reducing SDS-12% PAGE after alkylation with 20 mlVI 
NEIVI at the indicated time points. (B) Protein aggregation was 
monitored for the reaction of 8 |j.M drRNase A with 2.5 iiM Prx4- 
C14S/C208S or Prx4-C14SAri18E/C208S in the presence of 50 H2O2 
as indicated. 

doi:1 0.1 371/journal.pone.01 05529.g004 



blocked with 10 |a,l of 100 mM N-ethylmaleimide (NEM) at 
different time points, and analyzed in non-reducing SDS-12% 
PAGE followed by Coomassie blue staining and further Western 
blot using rabbit anti-Prx4 serum (Animal Facility, Institute of 
Genetics and Developmental Biology, Chinese Academy of 
Sciences, Beijing, China) and anti-RNase A antibody (Abeam), 
respectively. 

Results 

Prx4 can directly react with folding substrate in the 
presence of H2O2 

In our reconstituted refolding system composed of Prx4, H2O2 
and PDI, drRNase A was almost fully oxidized (Figure lA) and 
reactivated (Figure IB). In a control experiment without PDI, a 
nearly identical absorbance increase at 296 nm as that with PDI 
was unexpectedly observed (Figure IB, left), while no fuUy 
oxidized but only partially oxidized RNase A was detected 
(Figwe lA). This absorbance increase occurred even in the 
absence of cCMP, and disappeared only if PDI was present 
(Figure IB, right). This intriguing absorbance increase was 
speculated as a result of aggregation, which was then confirmed 
by light scattering determination (Figure IC). It was further found 
that the aggregation occurred only in the presence of Prx4, 
drRNase A and H2O2 altogether (Figure IC). 

Next we analyzed the reaction occurred during aggregation by 
non-reducing SDS-PAGE. The recombinant Prx4 itself was found 
to exist as monomers, disulfide-bonded dimers and also multimers 
on non-reducing SDS-PAGE [14], which would complicate the 
analysis. Since the disulfides via Cys'* between two dimers are 
vmnecessary for peroxidase activity of Prx4 [8] , we used the Prx4- 
C 1 4S mutant, which exists only in monomeric and dimeric forms 
on non-reducing SDS-PAGE, for the disulfide status analysis in 
the following study. As shown in Figure ID (lanes 13-18), high 
molecular weight (HMW) bands above Prx4-C14S dimer were 
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Figure 5. Inhibition of disulfide cross-linking and aggregation by PDI. (A) The reactions of 2.5 \iM Prx4-C14S, 8 |xlVI drRNase A and 50 |j.lVI 

H2O2 with or without 2.5 ^iM PDI proteins was analyzed by non-reducing SDS-12% PAGE after alkylation with 20 mM NEIVI at the indicated time 
points. (B) Protein aggregation in the reaction of 2.5 |iM Prx4, 8 |iM drRNase A and 50 |iM H2O2 in the presence of PDI, reduced thioredoxin, PDI- 
SSSS, or PDI-F258W/I272A at indicated concentrations was monitored by recording light scattering. 
doi:1 0.1 371 /journal.pone.01 05529.g005 



formed and significantly increased during tiie reaction accompa- 
nied by attenuation of the Prx4-CI4S monomer and dimer bands, 
meanwliUe RNase A also slightiy decreased (also see Figure IE). 
As drRNase A (lanes 1-6, Figure ID and IE) or Prx4-C14S (lanes 
7-12, Figure ID and IE) alone did not form the HMW species, 
the HMW species formed in the reaction (lanes 13-18, Figure ID) 
must be disulfide cross-lirrked complexes between Prx4-C14S and 
RNase A, which were indeed recognized by both anti-Prx4 and 
anti-RNase A antibodies (lanes 13-18, Figure IE). 

We also checked the reaction of Prx4-C14S with another 
classical folding substrate, BPTL As shown in Figure 2A, Prx4- 
C 1 4S bands decreased with the emergence of disulfide cross-linked 
HMW species, and the rapid aggregation was also observed 
(Figure 2B). Therefore, the H202-dependent reactivity with 
folding substrates is very likely an inherent feature of Prx4. 

CysP-SOH form of Prx4 is responsible for disulfide 
formation with RNase A 

Prx4 contains 4 Cys residues. Cys'" is almost buried (PDB code 
3TKP) and inaccessible, and Cys ' * was found to be dispensable for 



the reaction with folding substrate (Figure ID and Figure 2A). We 
then tested the involvement of Cys**^ (CysP) and/ or Cys^"'' (CysR) 
in the reaction. The Prx4-C14S/C208S mutant with CysP intact 
(Figwe 3B and Figure SI), but not Prx4-C14S/C87S (Figure 3A), 
reacted to RNase A in the presence of H2O2 with rapid formation 
of disulfide cross-linked HMW species and caused protein 
aggregation (Figure S2), indicating that CysP but not CysR is 
essential for the reaction. Reduced Prx4-C14S (Figure 3C) and 
oxidized Prx4-C14S with the disulfide between CysP and CysR 
(Figure 3D) both failed to form disulfide cross-linked HMW 
species with RNase A. These results suggest that only the H2O2- 
dependent intermediate form of Prx4 (CysP-SOH) is responsible 
for the reaction with RNase A. This was further confirmed by the 
fact that in the presence of dimedone, a sulfenic acid-specific 
reagent [15], the formation of HMW species was significandy 
decreased (Figure 3B and Figure SI). 

Prx4 is a 280-kDa decameric molecule with a CysP in each 
subunit, and the mutation of Thr to Glu results in the 
dissociation of decamer into dimer [14]. The Prx4-C14S/Tl 18E/ 
C208S mutant was detected to form mainly ~70 kDa disulfide 
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Figure 6. Schematic model of Prx4-mediated oxidative folding. Upon reaction with H2O2, CysP of reduced Prx4 is oxidized to -SOH state and 
then forms a disulfide bond with CysR from another subunit. The oxidized Prx4 transfers disulfides to folding substrate through PDI (on-pathway). 
The CysP-SOH form of Prx4 can also react with folding substrate, resulting in disulfide cross-linked HMW species and further aggregation (off- 
pathway). PDI plays additional quality control role to counterbalance the off-pathway reactions by exerting reductase and chaperone activities, 
ensuring efficient oxidative protein folding. Only the dimeric catalytic unit of Prx4 is presented for simplification. Sub, folding substrates. 
doi:1 0.1 371/journal.pone.01 05529.g006 
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cross-linked complexes with RNase A (Figure 4A), which were 
recognized by both anti-Prx4 and anti-RNase A antibodies (Figure 
S3), and no aggregation was detected by light scattering 
(Figure 4B). The above data suggest the decameric structure of 
Prx4 might be in favor of promiscuous disulfide formation with 
folding substrate, leading to aggregation. 

PDI inhibits the reaction between Prx4 and substrates 

The formation of disulfide cross-linked aggregate implies an 
inherent risk in the Prx4-mediated oxidative folding pathway. W e 
found that the presence of PDI in the reconstituted system gready 
stimulated the oxidation (Figure 1 A) and reactivation of drRNase 
A (Figure IB). Moreover, in the presence of PDI the disulfide 
cross-linked HMW species between Prx4-C 1 4S and RNase A were 
gradually attenuated with an increase in monomeric Prx4 
(Figure 5A), and the aggregation was almost suppressed in this 
process (Figure 5B). The above indicate that PDI plays a role in 
preventing the off-pathway aggregation by its reductase activity at 
least. In this respect, reduced E. coli Trx, an active reductase with 
the structure similar to the catalytic domain of PDI [16], is also 
capable of inhibiting the aggregation efficiently (Figure 5B). On 
the contrary, the PDI-SSSS mutant lacking all four cysteines in its 
two active sites, which loses reductase activity but retains 
chaperone activity [17], was ineffective to prevent the formation 
of HMW species (Figure 5A) and aggregation (Figure 5B). It is 
worthwhile to note that PDI-SSSS at a higher concentration 
showed considerable inhibitory effect (Figure 5B), suggesting that 
PDI inhibits the aggregation also by exerting its chaperone 
activity. The PDI-F258W/I272A mutant witii impaired chaper- 
one activity [18] but most of reductase activity (Figure S4) 
exhibited a similar effect as wild-type PDI in inhibiting the 
disulfide cross-linking reaction (Figure 5A) and attenuating the 
aggregation (Figure ."^B). The abcnx; suggx'st that the reductase 
activity of PDI plays a major role with its chaperone activity as an 
auxihary in inhibition of aggregation caused by the reaction 
between Prx4 and RNase A. 

Discussion 

The Erol/PDI system has been established as the major 
pathway for oxidative protein folding in the eukaryotic ER 
[19,20], producing H2O2 as a byproduct. ER-resident NADPH 
oxidases and mitochondrial respiration can also generate H2O2 
[21]. Prx4 was recently found to be able to couple H2O2 removal 
with oxidative folding using PDI as an intermediary to transfer 
oxidizing equivalents to folding substrates [8,1 1]. In this study, we 
report a unique reactivity of Prx4, that in the presence of H2O2 it 
can directly react with folding substrates via disulfide cross-Unking, 
forming an off-pathway, which discloses a pitfall of the Prx4- 
mediated oxidative folding (Figure 6). In contrast, in the Erol/ 
PDI pathway Erol reacts only with PDI but not with folding 
substrates [3,22]. Glutathione peroxidase 7 (GPx7), another 
peroxidase in the ER directiy utilizing Ero 1 -generated H2O2 to 
promote oxidative protein folding [23,24], neither forms disulfide 
cross-linking with folding substrates (data not shown). 

Being a typical 2-Cys Prx, the active site of Prx4 alternates 
among reduced (-SH), sulfenic acid intermediate (-SOH) and 
disulfide states upon reaction with H2O2 (Figure 6). At high 
concentrations of H2O2, CysP-SOH may be overoxidized to form 
CysP-S02H [5]. Here we discovered a new reaction feature of 
CysP, i.e. its -SOH form can directiy react with thiols in folding 
substrates and form an intermolecular disulfide. This reaction is 
thus under the competition with the resolving of CysP-SOH by 
CysR in the on-pathway. In this respect, protein aggregation 



resulted from the reaction of Prx4-C14S/C208S witii RNase A 
occurred much faster than that from wild-type Prx4 (Figure S2). 
This supported the previous report that Prx4 lacking its CysR is a 
poor oxidant of PDI and folding substrate RNase A [1 1] as it tends 
towards the off-pathway reaction. 

Roles of PDI in Prx4-mediated oxidative folding are also 
highlighted here. PDI not only transfers disulfide between Prx4 
and folding substrates in the on-pathway, but also helps avoid the 
pitfall by inhibiting the oflF-pathway reaction, by its reductase 
artivity dominantly as well as its chaperone activity. Therefore 
PDI, being a foldase and a chaperone, ensures the high efficiency 
and fidelity of Prx4-mediated oxidative protein folding (Figure 6). 
Besides, we also found that PDI family members ERp46 and P5, 
which were recently reported to interact with Prx4 [25], also can 
inhibit the disulfide cross-linking between Prx4 and folding 
substrate (unpublished data). 

In cells there should be kinetic competitions among the on- 
pathway oxidative protein folding, the off-pathway reaction with 
folding substrate and the quality control effect of PDI. In normal 
physiological conditions, abundant PDI in the ER [26] promotes 
the on-pathway oxidative protein folding and exerts its quality 
control role to efficientiy prevent the possible Prx4-mediated off- 
pathway reaction. When vigorous protein synthesis occurred, the 
amount of reduced and unfolded nascent proteins and Erol- 
generated H2O2 may exceed the capacity of the quality control 
system, which would lead the reaction towards off-pathway. Under 
aberrant conditions such as in Parkinson's or Alzheimer's diseases, 
loss of PDI function \ ia S-nitrosylation and the consequent protein 
aggregation were found in the brain of patients [2 7] . Moreover, 
the disulfide cross-linked aggregates formed under oxidative stress 
have been also linked to the pathogenesis of neurodegenerative 
diseases [28,29]. 

Interestingly, the newly established PspE/DsbC oxidative 
folding pathway in the periplasm of E. coli appears to share a 
similar reaction mechanism. PspE, a periplasmic rhodanese, could 
also react with other proteins via the sulfenic acid form of its single 
cysteine to generate disulfide cross-linked complexes, which are 
subsequentiy resolved by DsbC. Remarkably, the complex 
formation is significantly more pronounced in the absence of 
DsbC, tiie bacterial PDI [30]. 

Supporting information 

Figure SI Western blot profile of the non-reducing SDS- 
PAGE in Figure 3B by using anti-Prx4 and anti-RNase A 
antibody respectively. 

(TIF) 

Figure S2 CysP of Prx4 is responsible for protein 
aggregation in its reaction with RNase A. Protein 

aggregation for the reactions of 2.5 |J.M Prx4, Prx4-C14S/C87S 
or Prx4-C14S/C208S with 8 |J,M denatured and reduced RNase 
A and 50 |J,M H202 was monitored by recording the light 
scattering at 488 nm at 25°C. A.U., arbitrary units. 
(TIF) 

Figure S3 Western blot profile of the non-reducing SDS- 
PAGE in Figure 4A by using anti-Prx4 and anti-RNase A 
antibody respectively. 

(TIF) 

Figure S4 Reductase activity of PDI and PDI-F258W/ 
I272A. The reductase activity of PDI was determined by 

monitoring insulin reduction. Insulin of 130 |tM was added to 
100 mM potassium phosphate buffer (pH 7.5) containing 2.5 mM 
EDTA and 100 yM DTT in presence of 2.5 ^lM PDI or PDI- 
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F258W/I272A, and the absorbance increase at 650 nm due to 
light scattering of released and aggregated insulin B chain was 
recorded at 25°C. The reductase activity of PDI was calculated by 
the maximal slope of the cur\'e relative to the lag time. The 
enzyme activity of wild-type PDI was taken as 100%. Data were 
expressed as mean ± S.D. (n = 3). 
(TIF) 



References 

1. Valko M, Lcibfritz D, Moncol J, Cronin MT, Mazur M, et al. (2007) Free 
radicals and andoxidants in normal physiological functions and human disease. 
IntJ Biochrm Cell Biol 39: 44-84. 

2. Gross E, Sevier CS, Heldman N, Vitu E, Bentzur M, ct al. (2006) Generating 
disullides enzymatically: reaction products and electron acceptors of the 
endoplasmic reticulum thiol oxidase Erolp. Proc Natl Acad Sci USA 103: 
299-304. 

3. Wang L, Li SJ, Sidhu A, Zhu L, Liang Y, et al. (2009) Reconstitution of human 
Erol-Lalpha/protein-disuliide isomerase oxidative folding pathway in vitro. 
Position-dependent differences in role between the a and a' domains of protein- 
disulfide isomerase. J Biol Ghem 284: 199-206. 

4. Wood ZA, Poole LB, Karplus PA (200,S) Peroxiredoxin e\'olution and the 
regulation of hydrogen peroxide signaling. Science ,300: 6,')0-6,')3. 

5. Hall A, Karplus PA, Poole LB (2009) Typical 2-Gys peroxiredoxin.s-structures, 
mechanisms and functions. EEBS J 276: 2469—2477. 

6. Tavender TJ, Sheppard AM, BuUcid NJ (2008) Peroxiredoxin IV is an 
endoplasmic reticulum-localized enzyme forming oligomeric complexes in 
human cells. BiochemJ 411: 191-199. 

7. Tavender TJ, Bulleid NJ (2010) Peroxiredoxin IV protects cells from oxidative 
stress by removing H202 produced during disulphide formation. J Cell Sci 123: 
2672-2679. 

8. Tavender TJ, Springate JJ, Bulleid NJ (2010) Recycling of peroxiredoxin IV 
provides a novel pathway for disulphide formation in the endoplasmic reticulum. 
EMBO J 29: 418,5-4197. 

9. Yao Y, Zhou Y, Wang C (1997) Both the isomerase and ehapcrone activities of 
protein disulfide isomerase are required for the reactivation of reduced and 
denatured acidic phospholipase A2. EMBO J 16: 6.51-658. 

10. Freedman RB, Klappa P, Ruddock LW (2002) Protein disulfide isomerases 
exploit synergy between catalytic and specific binding domains. EMBO Rep 3: 
136-140. 

11. Zito E, Melo EP, Yang Y, Wahlander A, Neubert TA, et al. (2010) Oxidative 
protein folding by an endoplasmic retieuhim4ocalized peroxiredoxin. Mol Cell 

40:787-797.' 

12. Zito E, Hansen HCj, Yeo GS, FujiiJ, Ron D (2012) Endoplasmic reticulum thiol 
oxidase deficiency leads to ascorbic acid depletion and noncanonical scurvy in 
mice. Mol Cell 48: 39-51. 

13. Lyles MM, Gilbert HF (1991) Catalysis of the oxidative folding of ribonuclease A 
by protein disulfide isomerase: dependence of the rate on the composition of the 
redox buffer. Biochemistry 30: 613-619. 

14. Wang X, Wang L, Wang X, Sun F, Wang CC (2012) Stinctaral insights into tiie 
peroxidase activity and inactivation of human peroxiredoxin 4. BiochemJ 441: 
113-118. 

15. Poole LB, Karplus PA, Claiborne A (2004) Protein sulfenic acids in redox 
signaling. Aimu Rev Pharmacol Toxicol 44: 325—347. 



Acknowledgments 

We sincerely thank Akash Mathew for a critical reading of the manuscript 
before submission. 

Author Contributions 

Conceived and designed the experiments: LZ XW GGW. Performed the 
experiments: LZ KY XEW XW. Analyzed the data: LZ KY XW CCW. 
Wrote the paper: LZ KY XW CCW. 



16. Lundstrom J, Holmgren A (1990) Protein disulfide-isomerase is a substrate for 
thioredoxin reductase and has thioredoxin-like activity. J Biol Chem 265: 9114— 
9120. 

17. Wang C, Yu J, Huo L, Wang L, Feng W, et al. (2012) Human protein-disulfide 
isomerase is a redox-regulated chaperone activated by oxidation of domain a'. 
J Biol Chem 287: 1139-1149. 

18. Park B, Lee S, Kim E, Cho K, Riddell SR, et al. (2006) Redox regulation 
facilitates optimal peptide selection by MHC class I during antigen processing. 
Cell 127: 369-382. 

19. Appenzeller-Herzog C, Riemer J, Zito E, Chin KT, Ron D, et al. (2010) 
Disulphide production by Erolalpha-PDI relay is rapid and effectively regulated. 
EMBO J 29: 3318-3329. 

20. Rutkevich LA, Williams DB (2012) Vitamin K epoxide reductase contributes to 
protein disulfide formation and redox homeostasis within the endoplasmic 
reticulum. Mol Biol CcU 23: 2017-2027. 

21. Kakihana T, Nagata K, Sitia R (2012) Peroxides and peroxidases in the 
endoplasmic reticulum: integrating redox homeostasis and oxidative folding. 
Antioxid Redox Signal 16: 763—771. 

22. Tu BP, Ho-Sehleyer SC, Travers KJ, Weissman JS (2000) Biochemical basis of 
fi.\idati\'e protein folding in the endoplasmic reticulum. Science 290: 157 1-1574. 

23. Nguyen VD, Saaranen MJ, Karala AR, Lappi AK, Wang L, et al. (201 1) Two 
endoplasmic reticulum PDI peroxidases increase the efficiency of the use of 
peroxide during disulfide bond formation. J Mol Biol 406: 503-515. 

24. Wang L, Zhang L, Niu Y, Sitia R, Wang GC (2014) Glutathione peroxidase 7 
utilizes hydrogen peroxide generated by erolalpha to promote oxidative protein 
folding. Antioxid Redox Signal 20: 545-556. 

25. Sato Y, Kojima R, Okiiniura M, Hagiwara M, Masiii S, et al. (2013) Synergistic 
cooperation of PDI family members in peroxiredoxin 4-driven oxidative protein 
folding. Sci Rep 3: 2456,' 

26. Zapun A, Creighton TE, Rowling PJ, Freedman RB (1992) Folding in vitro of 
bovine pancreatic trypsin inhibitor in the presence of proteins of the 
endoplasmic reticulum. Proteins 14: 10-15. 

27. Uehara T, Nakamura T, Yao D, Shi ZQ, Gu Z, et al. (2006) S-nitrosylated 
protein-disulphide isomerase links protein misfolding to neurodegeneration. 
Nature 441: 513-517. 

28. Kareh CM, Prudeneio M, Winkler DD, Hart PJ, Borehek DR (2009) Role of 
mutant SODl disulfide oxidation and aggregarion in the pathogenesis of familial 
ALS. Proc Nad Acad Sci USA 106: 777 I 7779, 

29. Cohen IJ, Hwang AW, Unger T, Trojanowski JQ, Lee VM (2012) Redox 
signalling directly regulates TDP-43 via cysteine oxidation and disulphide cross- 
linking. EMBOJ 31: 1241-1252. 

30. Chng SS, Button RJ, Denoncin K, Vertommen D, Collet JF, et al. (2012) 
Overexpression of the rhodanese PspE, a single cysteine-containing protein, 
restores disulphide bond formation to an Escherichia coli strain lacking DsbA. 
Mol Microbiol 85: 996-1006. 



PLOS ONE I www.plosone.org 



6 



August 2014 I Volume 9 | Issue 8 | el 05529 



